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CHAPTER 1 
INTRODUCTION 
Yarrow (Achillea millefolium L.), a medicinal plant grown throughout the world, has a 
highly variable chemical composition and ploidy level (Belanger and Dextraze, 1993). 
This variability, caused by the out-crossing, highly polyploid nature of the plant, has been 
correlated with the content of the sesquiterpene, proazulene (Chandler et al, 1982). Low 
ploidy levels produce a relatively high level of proazulene and higher ploidy levels 
produce lower levels of oil and proazulene (Hofmann and Fritz, 1993). Diploid and 
tetraploid species are thought to contain high contents of chamazulene whereas hexaploids 
are thought to contain little or no chamazulene, a sesquiterpene lactone formed during 
steam distillation from proazulenes. Chamazulene is believed to be the most important 
chemical constituent of the yarrow oil and is responsible for the clinically proven 
applications as an anti-inflammatory and anti-rheumatoid (Evans, 1996). Other factors that 
influence the oil composition of yarrow flowers and leaves are genotype, environmental 
conditions, agricultural techniques, and harvest and post-harvest handling. The optimal 
plant nutrition for yarrow and the effect of nutrient availability on the oil yield and 
proazulene contents are unknown. 
Economically, yarrow is a high value crop. Aroma therapists pay approximately 
$950/liter for yarrow oil; more than for chamomile (Matricaria recutita L.) oil at $320 to 
$900/liter or melissa oil (Melissa officinalis) at approximately $530 to $640/liter (Svoboda, 
1998). Approximately 800 kg of yarrow are produced worldwide, and the value of the 
total crop is estimated to be worth $88,000 (Janick and Simon, 1988). Commercial use in 
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drug preparations requires yarrow to have a minimum essential oil content of 0.04 percent 
(Hofmann and Fritz, 1993) with chamazulene content at 15 percent of the oil (Svoboda, 
1998). 
Yarrow used for crude drug preparation is obtained from cultivated crops commonly 
grown in France, Slovakia, and Holland and from wild-crafted yarrow throughout the 
world. Irresponsible wild crafting of many herbs has caused several species to become 
endangered or ‘at risk’ plants. The over-harvesting of wild-crafted herbs is building 
consumer resistance to wild collections, suggesting that cultivation will play an important 
role in future production of plants such as yarrow. 
Cultivated yarrow fields can be established by plant division (from 4-5 year old plants) 
or by direct sowing (using approximately 3 kg seed/ha) in late summer. Yarrow is drought 
tolerant and will grow in all but the poorest of soils (Blakely, 1999). Many types of yarrow 
are also tolerant to salt spray (Zhang et al., 1996). As a long-day plant, yarrow flowers 
under a 16-hour photoperiod. 
This study compared the oil composition of yarrow grown from seed sourced in 
Eastern Europe, Western Europe, and North America. Further, this research investigated 
the correlation between ploidy level and proazulene content and assessed the effect of 
nitrogen on proazulene content to explore the possibility of manipulation of oil quality 
with fertilization. 
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CHAPTER 2 
LITERATURE REVIEW 
Plant description 
Yarrow, Achillea spp. L. (Asteraceae), is a hardy herbaceous perennial that typically 
grows 20 to 50 cm tall (ranging from 8-90 cm). Most species have distinctive, finely 
divided leaves and an erect, ribbed angular stem. The leaf size is highly variable (3-20 cm 
in length and 1-6 cm in width). A flowering stalk produces various colors of composite 
flowers that have multiple branches of umbel-like panicles (Bradley, 1976). The flowers 
of the Achillea millefolium L., the common species in North America are often white and 
sometimes pink (var. rosea) or red (var. rubra) (Roland & Smith, 1969). The yarrow plant 
has a relatively weak aroma and a somewhat bitter taste (Bisset, 1994). 
Native to Europe, Northern Asia and North America, yarrow grows best on a well- 
drained, acidic sandy loam soil but has the potential to grow in poorer soils, including 
cliffs, alpine pastures, lowland meadows, lawns, roadsides, and waste ground. The plant is 
drought tolerant (Grieve, 1998, Blakely, 1996, Chandler et al, 1982). 
The genus includes over 100 species. Taxonomic classification of Achillea L. is 
difficult because of variability at a local level, lack of consistent morphological 
differentiation over large areas, and few effective barriers to gene flow (Ehrendorfer, 
1952). The plant is a polyploid complex of di-, tetra-, hexa- and octaploids (n = 9). 
Achillea L. diploids usually flower earlier than polyploids, making crossing between these 
types difficult (Dabrowska, 1989). Of the species of yarrow, Achillea millefolium L. is the 
most widespread, being located in most of Europe, but rare in the Mediterranean regions. 
This plant is highly polymorphic and has several genotypes spread over a broad range of 
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environmental conditions, resulting in the species being classified as Achillea millefolium 
‘complex’. Some authors divide this species into artificial species or subspecies, adding to 
the difficulties in taxonomic classification. 
Historical and popular uses 
Yarrow has been a popular medicinal remedy since ca. 1200 BCE, when the Greek 
hero Achilles used the herb to treat wounded fellow soldiers, an action that gave Achillea 
its genus name (Chandler et al, 1982). The popularity of yarrow as an herbal remedy was 
recorded by Dioscorides and then cited in many medicinal plant books. North American 
Indians used yarrow for a variety of purposes, most commonly for treating cuts, bruises, 
and sprains, but also for colds, and for anesthetic and anti-inflammatory effects (Chandler 
et al, 1982). Another popular non-medicinal use of yarrow is its use as a hair rinse that 
supposedly improves hair shine. 
Traditionally, yarrow, sometimes referred to as a “sweat herb” has been used in teas to 
treat feverish colds and influenza and, in cases of obstructed perspiration, to open the pores 
and purify the blood. Yarrow has been recommended as a treatment in the early stages of 
children's cold and measles, often in combination with elder flowers and peppermint 
(Lewis, 1977, Grieve, 1998, Stuart, 1979). Yarrow has also been used in folk medicine 
against cancers, indurations or tumors, condylomata, and warts (Hartwell, 1980). 
Chandler et al (1982), in an extensive list of yarrow properties, have indicated the use 
of yarrow as an abortive, analgesic, anthelmintic, anti-viral, contraceptive, febrifuge and 
laxative, as a treatment for epilepsy, fevers, headaches, hemorrhoids, hypertension, 
hysteria, influenza, leucorrhoea, measles, melancholy (emotional state caused by black 
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bile), menorrhagia, nervousness, pneumonia, rashes, smallpox, sore throat, toothache, 
tuberculosis, ulcers, urinary incontinence, and as a promotion of wound healing. 
Historically, yarrow has been used to replace hops {Humulus lupulus L.) in the brewing 
process with yarrow thought to be more potent. The plant has also been used to replace 
cinnamon (Cinnamonum zeylanicum Nees.) and nutmeg (.Myristica fragrans) as a spice 
(Stuart, 1979, Grieve, 1998). 
Combination of yarrow with other medicinal plants is common. Fevers can be treated 
by combining yarrow with elder flower (Sambucus nigra L.), peppermint {Mentha piperita 
L.), boneset (Eupatorium perfoliatum L.), cayenne {Capiscum annuum), and ginger 
{Zingiber officinale). To reduce blood pressure, yarrow may be used with hawthorn 
{Cratagaegus oxyacantha L.) berries, lime blossom (Tilia), and mistletoe {Viscum album). 
Varicose veins may be helped by yarrow combined with horse chestnut {Aesculus 
hippocastanum Gaertn.) (both help strengthen the blood vessel walls), hawthorn berries, 
prickly ash bark {Fraxinus excelsior L.), and ginger. A basic combination for rheumatics 
and arthritic conditions includes yarrow, bog bean {Menyanthes trifoliata Toumef.), black 
cohosh {Cimicifuga racemosa, Nutt.), celery seed {Apium graveolens L.), and 
meadowsweet {Filipendula purpurea). Gout (a build up of uric acid that cause painful 
inflammation of the body) may be treated with a mixture of celery seed, boneset, wild 
carrot {Daucus carota L.), and yarrow, all of which are especially effective diuretics. 
Cystitis (a bladder infection) may be effectively treated by a hot tea made of bearberry 
{Arctostaphylos uva-ursi), couch grass {Agropyrum repens Beauv.), and yarrow (Hoffman, 
1996). 
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Modem and clinical applications of yarrow 
Modem pharmaceuticals use yarrow extracts primarily for treatment of gastrointestinal 
complaints, including cramps, flatulence, and diarrhea, and as a diuretic and urinary 
antiseptic (Bisset, 1994, Newall, 1996). A significant diuretic action has been observed in 
mice fed with liquid extracts of yarrow (Goldberg et al, 1969). Yarrow has also been used 
as a diaphoretic (increasing perspiration) and antipyretic (reducing fever), and in reducing 
heart rate and lowering blood pressure (Bradley, 1976). 
The flavonoids in yarrow oil, including apigenin and luteolin, are useful in the 
treatment of coronary thrombosis, regulating menstruation (Trickey, 1995), clearing blood 
clots, reducing fever (by purifying the blood and openings pores), and producing 
spasmolytic effects (Bradley, 1976). 
The volatile oil of yarrow contains the sesquiterpene lactone chamazulene that has been 
widely studied for anti-inflammatory properties. Chamazulene has been observed to be 
useful in the management of rheumatoid diseases (Evans, 1996, Zagari, 1992). Moderate 
anti-inflammatory activity of yarrow was demonstrated in rodents after oral or topical 
administration and attributed to a protein-carbohydrate complex (not the essential oil) 
(Bradley, 1976). Achillea millefolium showed moderate inhibition of edema formation due 
to activity of achillinazulene (Mascolo et al, 1987). Yarrow was noted to reduce 
inflammation in the classic rat-paw tests (Shipochliev & Foumadjiev 1984) and in tests 
where inflammation was induced by yeast (Goldberg, 1969). Tozyo et al., (1994) have 
obtained anti-tumor sesquiterpeneoids in yarrow that are active against P388 Leukemia 
cells. 
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The use of yarrow in sitz baths for treating pelvic autonomic dysfunction (painful 
spastic conditions of psychoautomic organ involving the minor pelvis in women) was 
approved by the German Commission E monograph of February, 1990 (Blumenthol, 
1998), although no human studies have proven the effectiveness of their recommendations. 
German health authorities approve use of yarrow oil for treatment of appetite loss and 
digestive system upsets (Schulz, 1998 and Weiss, 1988). The stimulation of bile (due to 
bitter aromatics that causes a loss of appetite) has been clinically demonstrated in mice fed 
high doses of liquid yarrow extract (Bisset, 1994). Other studies on yarrow indicate that 
chemical constituents in the plant may inhibit seed germination, have sex-pheromone 
qualities, and serve as bactericides and insecticides (Duke, 1985). Mosquito-repelling 
activity was demonstrated (Tunon et al., 1994), as were bactericidal properties against 
Staphylococcus aureus and Candida albicans (Evans, 1996). 
Essential oil 
Essential oils, also known as volatile oils, are odorous principles found in many plants 
and are characterized by their oil-like appearance and ability to volatilize at room 
temperature. The essential oil of yarrow is produced by secretory trichomes occurring in 
the leaves, stems and particularly in the flowers (Figueiredo et al., 1994). Chemically, the 
essential oil is a mixture of monoterpenes, sesquiterpenes, oxygen derivatives of these 
compounds, and phenylpropenes (Zhi-cen, 1980) and are present at differing levels in all 
above ground plant parts. The terpenoids are derived from the mevalonate pathway that 
involves the conversion of mevalonic acid (6-carbon structure made of three molecules of 
acetate) into monoterpenes (contain a 10-carbon structure) and sesquiterpenes (contain a 
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15-carbon structure) (Figure 1). Monoterpenes present in yarrow essential oil include a- 
pinene, P-pinene, limonene and bomeol (Figure 2). Sesquiterpenes are more diverse and 
are generally less volatile than monoterpenes. Sesquiterpenes are, however, important 
constituents of most essential oils and subtly influence oil aroma. The Shikimate pathway 
provides an alternative route to aromatic compounds, particularly the aromatic amino acids 
L-phenylalanine, L-tyrosine, and L-tryptophan. Phenylalanine and tyrosine form the basis 
of phenylpropane units (C6C3), observed in many natural products such as coumarins, 
flavonoids, and cinnamic acids, and along with tryptophan are precursors of a wide range 
of alkaloid structures (Figure 3). 
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Figure 1. The mevalonate biosynthetic pathway. 
3 molecules of Acetyl Co-enzyme A 
l r 
Mevalonic Acid 
2ATP + C02 
v 
IPP (C5) -». DMAPP (C5) 
CIO -► Monoterpenes 
IPP (C5) 
C15 _► Sesquiterpenes 
(adapted from Dewick, 1998) 
Figure 2. The structure of some monoterpenes present in yarrow volatile oil. 
alpha-pinene beta-pinene limonene bomeol 
(adapted from Dewick, 1998). 
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Figure 3. The shikimate biosynthetic pathway. 
Phosphoenolpyruvate + D-erythrose-4-phosphate 
PEP 
3 deox-D-arabino-heptulosonic acid 7 phosphate 
DAHP 
W 
Shikimic acid 
Chorismic acid 
Prephenic acid 
Anthranilic acid 
Salicyclic acid 
L-tyrosine 
L-phenylalanine 
L-tryptophan 
(adapted from Dewick, 1998) 
Ploidy of yarrow 
Achillea millefolium has evolved by the mechanism of polyploidy, such an evolution 
process that makes identification of the species or subspecies difficult (Preitschopf et al., 
1989). Several authors (Ehrendorfer 1952, 1953; Oswiecimska and Gawlowska, 1967; and 
Dabrowska, 1970) have done extensive research on ploidy levels in Achillea species by 
measuring pollen grain size (Table 1). Typically, the larger the pollen grain size, the 
higher the ploidy of the plant (Cramer, 1991, Phillippi, 1961). For example, diploids will 
have smaller pollen grains than tetraploids. 
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Studies on the chemical composition of the plant have correlated high levels of 
proazulenes with species with a low ploidy level, especially di- (2n=18) and tetraploid 
(2n=36) species (Chandler et al., 1982, Maffei et al., 1989). Hofmann and Fritz (1993) 
established that higher ploidy levels produced lower contents of oil and chamazulene. 
Achillea millefolium L. ssp. millefolium, by far the most widespread yarrow line, is 
hexaploid and the volatile oil contains little or no chamazulene (2n=54; 0%). Tetraploid 
Achillea millefolium, however, yielded 15.38 percent chamazulene in the oil (Hofmann et 
al, 1992). 
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Table 1. Determination of ploidy in Achillea species by pollen grain measurements 
Pollen grain diameter 
Ploidy Author 
Grains 
measured Minimum Maximum Average 
(No.) (pm) 
Diploid Ehrendorfer 1952 - 20.0 
Ehrendorfer 1953 25-50 - - 19.0-20.5 
Oswiecimska & 
Gawlowska, 1967 180 14.52 23.76 19.18-20.6 
Dabrowska, 1970 1000 13.00 23.40 19.11 
Tetraploid Ehrendorfer 1952 - 20.5 23.5 - 
Ehrendorfer 1953 25-50 - - 21.0-24.0 
Oswiecimska & 
Gawlowska, 1967 180 18.48 27.72 22.4-22.92 
Dabrowska, 1970 1000 15.60 24.7 19.85 
Hexaploid Ehrendorfer 1952 - 24.0 28.0 - 
Ehrendorfer 1953 25-50 - - hexa/octaploid 
Oswiecimska & 24.5-28.0 
Gawlowska, 1967 180 18.48 30.36 24.72-25.57 
Dabrowska, 1970 1000 18.20 28.60 22.13 
Octaploid Ehrendorfer 1953 25-50 - - hexa/octaploid 
Oswiecimska & 24.5-28.0 
Gawlowska, 1967 180 21.12 31.68 27.21 
Dabrowska, 1970 1000 18.20 31.20 23.59 
(After Dabrowska 1989) 
The main components of yarrow essential oil are a-pinene, p-pinene, sabiene, 1-8- 
cineole, camphor, linalool, p-caryophyllene, bomeol, germacrene D, caryophyllene oxide, 
oxidized famesene derivatives and, viewed as commercially most important, chamazulene 
(Hofmann and Fritz, 1993). Worldwide variation in chemical composition, especially in 
chamazulene content is apparent (Appendix A). Since the review by Lawrence (1984), 
12 
research on yarrow has been focused mainly on proazulene content and ploidy level 
(Kastner et al., 1991). Stahl (1952) demonstrated that synthesis of proazulene within 
Achillea millefolium is influenced by genotype. Chamazulene is formed through 
decomposition of sesquiterpenes during steam distillation (Figure 4) (Samuellson, 1992). 
-h2o 
-HOAc 
-co2 
Figure 4. Thermal decomposition of Achillin to Chamazulene 
Chamazulene content in Hungarian yarrow oil was 12.5 % (Lemberkovics, 1988), 
Polish yarrow oil was 13.0 % (Kedzia et al., 1990) and oil from 68 different yarrow plants 
from Quebec was between 0.75 to 51.3 % (Belanger and Detraze, 1993). 
Figuenuedo et al, (1994) obtained low amounts of chamazulene using Likens- 
Nickerson simultaneous distillation and extraction (SDE) and hydrodistillation using a 
Clevenger-type system. The oil from leaves harvested from plants at the flowering stage 
had higher sesquiterpene lactones. At the vegetative stage, leaves were high in 
monoterpenes. 
Vetter (1997) suggests that the property of proazulene synthesis seems to from a 
recessive allele in the genetic make up of Achillea millefolium. 
13 
Effects of nitrogen on plants 
Nitrogen plays an important role in plant nutrition and is essential for a number of 
components within plants. For example, nitrogen is essential for the structure of all amino 
acids, proteins, many enzymes, as well as puric and pyrimidic bases (components of DNA 
and RNA) (Marschner, 1997). Of all the macronutrients, nitrogen has the greatest effect 
on plant growth affecting cell number and cell size (Chapin, 1980). 
The major sources of inorganic nitrogen, nitrate and ammonium, are absorbed by the 
roots of higher plants (primarily nitrate due to the nitrification of ammonium to nitrate). 
Optimal growth rates and plant yields are generally obtained with plants grown under 
combined ammonium and nitrate fertilization. For hydroponics, dissolving essential 
elements in water and applying these solutions to the plants at optimum concentrations 
provides the nutrients. Hoagland and Amon (1950) have extensively researched 
hydroponics and have formulated recipes for growing plants in hydroponics. Hoagland 
and Amon No. 1 solution is one such recipe that uses nitrate to supply the nitrogen (Table 
2). 
Nitrate is absorbed by plants in large amounts. This absorption is continuous as long 
as the nitrate supply exists in the soil, although absorption will be slowed by lower soil pH 
(lower than pH 4.5 and higher than pH 6.0). Nitrate, readily transported through the plant 
via the xylem with subsequent storage in the vacuoles of roots, shoots, and storage organs 
(Marschner, 1997), can accumulate in high concentrations (>1000 ppm) in stem and 
\ 
petioles during vegetative growth. Plants tolerate excess nitrate much better than 
ammonium (which is toxic at excessive levels). 
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Table 2. Hoagland and Amon No. 1 Solution 
Major nutrients Concentration 
Macronutrients (moles per liter) 
KH2P04 0.001 
KN03 0.005 
Ca(N03)2 0.005 
MgSC>4 0.002 
Micronutrients * (mg per liter) 
H3BO3 0.5 
MnCl2 0.5 
ZnS04 0.05 
CuS04 0.02 
H2M0O4 0.05 
Fe tartrate 1.37 
The nutritional requirements and responses of wild plants differ considerably from 
domestic crops (that have been customized to meet grower preferences via plant breeding). 
Wild plants from a fertile habitat tend to have high relative growth rates and are quite 
responsive to nutrient supply. If exposed to nutrient stress these wild plants compensate by 
increasing root absorption capacity, and decrease photosynthetic rate. Photosynthesis is 
quite responsive to leaf nitrogen concentration so that under stress (nutrient absorption is 
limited) the photosynthetic rate and growth declines (Chapin, 1980). Wild plants from a 
less fertile habitat tend to have low growth rates (due to low photosynthetic rates and low 
nutrient absorption). An increased absorption capacity of roots in an infertile soil would 
not be sufficient to support rapid growth. Instead these wild plants have a large, persistent 
root biomass with many associated mycorrhizae enabling the plant to accumulate nutrients 
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when nutrient availability is high and survive periods of nutrient stress (O’Brien and 
Barker, 1995). Wild plants from less fertile habitats have low nutrient loss, for example 
from leaching or senescence, and low annual nutrient requirements due to slow tissue 
production rates (Chapin, 1980). (Figure 5). Economically, finding high value crops that 
do not have high fertilization requirements to minimize rising costs is becoming more 
important. 
16 
COMPETITIVE STRATEGY 
HIGH NUTRIENT 
AVAILABILITY 
Rapid turnover-Rapid root growl 
c. 
Rapid nutrient absorption 
;k 
Large nutrient loss 
Large nutrient los 
Rapid leaf growth-Rapid turnover 
Rapid photosynthesis 
HIGH LIGHT AVAILABILITY 
NUTRIENT-STRESS TOLERANT STRATEGY 
LOW NUTRIENT 
AVAILABILITY 
Slow nutrient absorption Small nutrient los 
Slow turnover-Slow root growth A 
C. 
C 3 Slow leaf growth-Slow turnover 
Small nutrient loss Slow photosynthesis 
Figure 5. Wild plant strategies under low and high nutrient availability. 
Studies on German chamomile (Chamomilla recutita L.) indicated nitrogen application 
had a positive effect on yield and favored synthesis of active substances, but the response 
to the nitrogen was genotype dependent (Lechamo, 1992). The lowest chamazulene 
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content is produced in chamomile plants with no nitrogen added and the highest 
chamazulene was produced in plants having an intermediate level of nitrogen : 0.2 g 
nitrogen/ Kg growing media (1 part soil, 2 parts sand). 
Studies with Scotch spearmint (Mentha gracilis Sole) showed that nitrogen (applied at 
200 kg/ha) significantly increased leaf area index (LAI) and herbage and oil yields. In 
general, the high levels of N decreased carvone, but increased limonene content (Kothari 
and Singh, 1995). Mitchell and Farris (1996) found that N stress resulted in a maturing 
effect in peppermint oil (Mentha piperita L.) and that high N rates delayed menthol 
production (peppermint oil maturity). Piccaglia et al., (1993) found that N positively 
affected the biomass and oil yield of peppermint, however, N decreased the percentage of 
leaves over biomass (probably as it promoted stem development rather than leaves). 
Roberts and Menary (1994) investigated the effects of N on the flower yield and oil 
composition of Boronia megastigma Nees, in a field study. They found that high N 
application did not result in competition between vegetative growth and flowering. 
Instead, increasing N application resulted in more oil per gram of flow ers and a higher 
volatile (low er wax) component of the oil. The volatile components did not appear to 
change with respect to each other. 
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CHAPTER 3 
METHODOLOGY 
Plant material 
Yarrow, Achillea millefolium L., was used in this study. Seeds obtained from Eastern 
and Western Europe, and North America (Table 3) were sown in general purpose growing 
media, ‘Pro-mix’ (Premier Horticulture Ltd., Quebec, Canada) and were contained in flats 
(25 cm x 50 cm) with drain holes. At the true-leaf stage (12 days after planting), the 
seedlings were transplanted into cell trays (4.0 cm x 6.0 cm x 5.5 cm) that provided good 
drainage, and the cell trays with seedlings were placed on a heated mat on a bench in the 
greenhouse to promote vigorous plants with well-developed root systems. 
Experimental design 
Comparison of seed sources 
Seedlings (26 days old) were transplanted from the cell trays into 5-liter pots (4 plants 
per pot) containing growing media (described above). The pots with seedlings were 
randomly arranged on two greenhouse benches. Plants were watered daily to keep the 
media moist (approximately 600 mL/pot) and fertilized (Peters Peat Lite Special 20-10-20, 
Fogelsville, PA) once per week. 
After 75 days growth in the greenhouse and after the risk of spring frost had passed 
(mid-May), the well-established plants were transplanted to the field (South Deerfield 
Farm, MA) and were arranged in a randomized block design using spacing of 66cm 
between plants within the row and 100 cm between rows. A soil analysis was conducted 
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prior to planting to ensure nutrient sufficiency (Table 4). Plants in the field were watered 
daily for three days until the roots had settled into their new environment, and throughout 
the experiment, the field was weeded where necessary. Whole, flowering plants were 
harvested by hand in mid-August (95 days after transplanting to the field). At harvest, the 
fresh weights of the plants were recorded as plant biomass. The plant material was dried in 
an oven at 21 °C (five days) until a consistent weight was measured, and the dry weights 
were recorded. 
Table 3. Worldwide seed sources of Achillea millefolium L. 
Country of Origin Source 
Canada Richters Seed Co 4 
Czec Republic SAC Auchincruive, UK var. Proa 
Holland SAC Auchincruive, UK1 2 
Kazakhstan Washington Seed Bank, (label 439888)1 
Kazakhstan Washington Seed Bank, (label 439894)1 
Kazakhstan 
Kazakhstan 
Russian Federation 
Russian Federation 
Slovakia 
USA 
USA 
USA 
Washington Seed Bank, (label 439895)1 
Washington Seed Bank, (label 439896)1 
Washington Seed Bank, (label 439889)1 
Washington Seed Bank, (label 439891)1 
SAC Auchincruive, UK var. Alba2 
Washington Seed Bank, (label 371687)1 
Washington Seed Bank, (label 372636)1 
Washington Seed Bank, (label 372637)1 
UK Moles Seed Co. cv. cerise queen3 4 5 
UK Chiltem Seed Co.cv. cerise queen5 
1 Western Regional Plant Introduction Station, 59 Johnson Hall, Pullman WA 99164. 
2 S.A.C Auchincruive, Ayr, KA30 QB1, Scotland, UK. 
3 Moles Seed Company, Turkey Cock Lane, Stanway, Colchester, C03 5PD, UK. 
4 Richter’s Seed Company, Canada. 
5 Chiltem Seed Company, Bortree Stile, Ulverston, Cumbria, LAI2 7PB, UK. 
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Table 4. Soil analysis. 
Nutrient Nutrient level 
(mg/kg) 
Phosphorus 8 
Potassium 85 
Calcium 404 
Magnesium 37 
Ammonium 2 
Nitrate 11 
Boron 0.2 
Manganese 4.6 
Zinc 1.4 
Copper 0.9 
Iron 4.0 
Aluminum 49 
Oil extraction 
Essential oil was extracted using simultaneous steam and solvent distillation 
(Figure 6) (Likens and Nickerson apparatus, 1964). Approximately 100 g of dried plant 
material, randomly selected from four plants grown from each seed source, were weighed 
and immersed in 1.5 liters of distilled water in a 3-liter flask. The flask of plant material 
and water was heated to 100 °C using an electro mantle heater until boiling and then 
reduced to 70 °C to simmer. A 50-mL flask containing 25 mL of chromatographic grade 
pentane was used as a capture solvent for essential oil (2.5 mL of pentane was held in the 
U-bend of the distillation head). After distillation for 6 h, the flask with pentane and 
captured essential oil was removed from the distillation apparatus, and the pentane was 
evaporated via a vacuum pump evaporator (Buchler Instruments, NJ) to recover the 
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essential oil. The recovered oil was stored in an airtight container in a cool, dark area until 
analysis. 
Figure 6. Simultaneous steam and solvent distillation apparatus. 
Essential oil 
The essential oil obtained from the distillation process was analyzed using a gas 
chromatograph (PU 4550 connected to a SP 4400 integrator) to separate the chemical 
constituents in the oil. Chamazulene was identified and quantified based on retention time 
and by co-injection with the authentic standard chemical (Apin Chemicals Ltd. U.K). A 
Carbowax 20 m column (0.25mm x 0.25pm film thickness) temperature programmed from 
40 °C to 180 °C at 2 °C/min then to 240 °C at 5 °C/min and then held for 15 minutes was 
used for constituent separation (Belanger and Dextraze, 1993). The carrier gas was 
nitrogen at 19.2 cm/sec using a split ratio 100:1 and a 0.2 pi pure oil sample injection. 
22 
Ploidy determination 
To investigate the suggested correlation between ploidy level and proazulene 
production, seed sources with a high (>25 %), moderate (10-25 %), or no chamazulene 
content (determined by the GC oil composition analysis) were selected for determination 
of ploidy status. 
Flower buds, at the same stage of development (with one third tubular flowers 
blooming), were collected from seed sources USA (label 372636), Slovakia var. Alba, and 
UK Chiltem Seed Company cv. Cerise Queen (3 plants/seed source) to determine ploidy 
status of the extracted pollen. The collected flower buds were soaked in heated 10 percent 
potassium hydroxide for 10 min and were subsequently macerated to extract pollen grains 
(Dabrowska, 1970). The extracted pollen was transferred to a clean glass slide and was 
held in place with glycerin and dyed using locto-phenol cotton blue stain. The diameter of 
the pollen grains were determined with a microscope (Reichert Microstar VI), 4 mm scale 
100 divisions ocular micrometer and calibrated using a 25mm (1 in 100 division) stage 
micrometer. This micrometer allowed pollen grain measurements of 1 p/division at 40X 
objective. Measurements were taken for 100 pollen grains per plant. 
Figure 7. Measurement of pollen diameter. 
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Effects of nitrogen on yarrow 
Seed sources that stood out as having a high (> 25 %) or moderate (10-25 %) 
chamazulene content, determined by the GC oil composition analysis, were further 
investigated to research the effects of varying levels of nitrogen fertilization on essential 
oil composition and yield. Seedlings (12 days old) were grown for 23 days in a nutrient 
free peat-based media. Sunshine #2 mix (Sun Gro Horticulture Inc., Bellevue, WA) 
contained in flats (25 cm x 50 cm) with drainage holes. Seedlings were irrigated twice 
per week with Hoaglands No. 1 solution (Hoagland and Amon, 1950) and watered daily 
when required. Established plants were transferred from the flats into 5-liter pots (4 
plants per pot) containing growing media (described above) and were arranged randomly 
on two greenhouse benches. 
The plants were fertilized with progressive levels of nitrate nitrogen (NO3) based on 
Hoaglands No. 1 solution (Hoagland and Amon, 1950), which was applied daily as a 
nutrient solution (Table 5). These solutions were made from 0.5 M stock solutions (Table 
6). The 5 treatments used in the progressive nutrient application were 100, 150, 200, 250, 
and 300 mg N/L. The growing media was monitored after 20, 40, and 60 days of 
treatments to assess pH and after 40 and 60 days to assess electrical conductivity (EC) 
levels. Whole, plants were harvested by hand (61 days after application of treatments), and 
the fresh weights of the plants were recorded as plant biomass. The plant material was 
dried in an oven at 21 °C (five days) until a consistent weighed was measured and the dry 
weights were recorded. The dried plant material was distributed for tissue analysis of 
nitrogen and for essential oil analysis. 
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Table 5. Recipes used for nitrate nitrogen treatments 
100 mg N/L 150 mg N/L 200 mg N/L 250 mg N/L 300 mg N/L 
Salt (ml of 0.5M stock solution) 
Ca (N03)2 4 10 10 10 10 
KN03 6 1.4 8 10 10 
KH2PO4 2 2 2 2 2 
MgS04 4 4 4 4 4 
CaCl2 6 0 0 0 0 
KC1 4 8.6 2 0 0 
NaN03 0 0 0 6 12 
Micro nutrients 1 1 1 1 1 
EDTA 1 1 1 1 1 
Table 6. Recipe for 0.5M stock solutions 
Salt g/L 
Ca (N03)2 118.075 
KN03 50.555 
kh2po4 68.045 
MgS04 123.24 
CaCl2 73.510 
KC1 37.280 
NaN03 42.495 
Plant tissue analysis of nitrogen 
Nitrogen content in the plant tissues was determined by modified Kjeldahl method of 
extraction. This method is used by the American Association of Official Cereal Chemists 
and the Association of Official Analytical Chemists (Kalra, 1998). Plant tissue was ground 
with a Wiley Mill using a 20-mm mesh. One gram of potassium sulfate (K2SO4) was added 
to 0.200 g of tissue along with a chip of copper wire catalyst and 4 mL of sulfuric acid 
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(H2S04). The samples were heated on a digestion block, and digestion vessels were 
rotated periodically to avoid NH3 loss due to localized heating. After \-V2 to 3 h, the 
digestion mixture turned a clear light green color. This wet oxidation digestion was used 
to convert organically bound nitrogen in the plant tissue to ammonium (NH4). The 
analysis of NH4 after Kjeldahl digestion was performed using steam distillation: the 
digested mixtures were cooled then diluted with 30 mL of distilled water. Boiling chips 
and 15 mL of 40 percent sodium hydroxide (NaOH) were also added to the digested 
mixtures. The samples were distilled into 10 mL of 2 percent boric acid (H3BO3) plus 
indicator (0.300 g bromcresol green and 0.165 g methyl red indicators in 400 mL 95 % 
ethanol brought up to 500 mL) until approximately 50 mL of extract was collected. The 
samples were titrated with 1/70 N potassium biiodate (KH(I03)2) until the color changed 
from green to violet. Percentage total nitrogen in the plant tissue samples was calculated 
from the volume of KH(I03)2 used and mass of the sample. 
Oil extraction 
Essential oil was obtained by hydro-distillation according to the British Pharmacopoeia 
Distillation method (British Herbal Pharmacopoeia, 1981) (Figure 8). Approximately 20 g 
of dried plant material were immersed in 800 mL of distilled water in a 2-liter flask. The 
flask containing the plant material and water was heated to 100 °C using an electro mantle 
heater until boiling and then reduced to 70 °C to simmer and distill for 3 h. The recovered 
oil was measured and stored in a cool, dark area until analysis. 
26 
tiP 
Figure 8. Hydro-distillation apparatus. 
Essential oil 
The essential oil obtained from the distillation process was analyzed using a gas 
chromatograph (Shimadzu 17A GC) to separate the chemical constituents in the oil. A 
SUPELCOWAX 30-m fused silica capillary column (0.25 mm x 0.25 p film thickness) 
temperature programmed from 40 °C to 180 °C at 2 °C/min then to 240 °C at 5 °C/min and 
then held for 15 min (Belanger and Dextraze, 1993) was used for constituent separation. 
The carrier gas was helium at 30 cm/sec using a split ratio 80:1 and a 0.1 pi sample 
injection. Recovered essential oil from the distillation process was diluted in 1 mL of 
HPLC grade hexane prior to injection into the GC. The concentration of essential oil in 
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every sample was determined. Each vial containing essential oil and distilled water was 
weighed. The essential oil was captured with several consecutive washes with HPLC 
grade hexane until all visible oil was recovered. The vial containing only remaining 
distilled water was reweighed allowing the concentration of oil to be calculated. The 
volume of recovered oil and hexane was made up to 1 mL. 
Calculation: 
Initial weight of vial - Weight of vial = Weight of oil (g) 
(recovered oil and distilled water) - (after oil is extracted by hexane) 
E.g. Sample #1 concentration (pg/mL) 
2.9357 g - 2.8234 g = 0.1123 g oil in 1 mL hexane (112 300 pg/mL). 
After separating the essential oil constituents in the GC, constituents were identified. 
Identification and quantification were based on retention time and comparison with co¬ 
injected authentic standard chemicals (Hofmann and Fritz, 1993, Charles and Simon, 
1990). Standards were chosen based on the literature and included p-pinene, trans- 
famesol, trans-caryophyllene, cineole, chamazulene, and bomeol. 
Data analysis 
Data were analyzed statistically using SAS programming language. 
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CHAPTER 4 
RESULTS 
Field grown yarrow 
Yarrow plants grown in the field from selected seed sources varied considerably in 
plant development (Table 7). Plants grown from seed sourced in Canada (Richter’s Seed 
Company, Canada) had the greatest fresh wnight (759 g), and plants grown from seed 
sourced from the Russia Federation (label 439891) had the lowest fresh weight (264 g). 
Dry weight varied similarly to fresh w eight. All plants had white flowers at harv est 
except the cultivated varieties ‘Cerise Queen’, which had peach and yellow flowers. 
Table 7. The fresh and dried weights of field-grown yarrow. 
Seed Source Label Fresh Weight Dry Weight 
Cultivated collections (g/4 plants) 
Canada, Richters Seed Co. Canada 759 216 
UK, Chiltem Seed Co. cv. Cerise Queen 678 210 
UK, Moles Seed Co. cv. Cerise Queen 469 140 
Wild collections 
Czec Republic var. Proa 651 193 
Holland Holland 530 121 
Khazakhstan 439888 664 200 
439894 634 203 
439895 488 158 
439896 511 165 
Russian Federation 439889 320 112 
439891 264 87 
Slovakia var. Alba 533 181 
USA 371687 513 153 
372636 428 127 
372637 381 143 
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The essential oil extracted from the field-grown yarrow plants varied in color (yellow, 
green or blue) and had a strong, pleasant aroma. Chamazulene (which forms the blue oil 
color) was in the essential oil extracted from all plants, except for plants grown from seed 
sourced from Canada, the Russian Federation, Kazakhstan (label 439888) and the UK 
(Chiltem ‘Cerise Queen’) (Figure 9). The highest concentration of chamazulene was 
observed in plants grown from seed sourced in Slovakia (var. Alba) and the Czec Republic 
(var. Proa) in which represented 36.3 and 20.6 percent of the total extracted oil, 
respectively. A sample chromatograph for the yarrow essential oil extracted from seed 
sourced from the Czec Republic indicates chamazulene at a retention time of 46.81 (Figure 
10). The concentration of chamazulene in the essential oil extracted from plants grown 
from seed sourced in the USA ranged from low to moderately high (5.8 percent of the total 
extracted oil (USA label 372637) to 20.6 percent of the total extracted oil (USA label 
371687)). 
Figure 9. Chamazulene concentration of field grown yarrow 
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Time 
1 Plans grown from seed sourced from the Czec Republic var. Proa. 
Figure 10. Chromatograph of essential oil extracted from field grown yarrow1. 
Ploidy determination 
The ploid> level of yarrow plants grown in the field from selected seed sources was 
estimated by measuring pollen grain diameter, a method developed by Dabrowska (1970), 
Ehrendorfer (1952, 1953), and Oswiecimska and Gawlowska (1967)(Table 8). The 
smallest mean pollen grain diameter (23.67 pm) was observed in pollen obtained from 
plants grown from seed sourced in Slovakia (var. Alba) (Figure 11). The pollen obtained 
from plants grown from seed sourced from the USA (label 3726336) (Figure 12) was 25.33 
\un m diameter. Significantly larger pollen (as determined by pollen grain diameter) was 
obtained from plants grown from seed sourced in the UK, Chiltem Seed Co. (cv. Cerise 
Queen) (26.11 pm). 
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Table 8. Pollen characteristics and chamazulene concentration of selected yarrow.1 
Pollen 
source 
Measured 
grains 
Pollen grain diameter 
Minimum Maximum Average 
Estimated 
ploidy 
Chamazulene 
concentration 
(No.) (Hm) (% of total 
extracted oil) 
Slovakia 100 20.0 31.0 23.67c Tetraploid 36.3 
USA 100 19.0 29.0 25.33b Tetra/Hexaploid 11.6 
UK 100 20.5 34.0 26.11a Hexa/Octaploid 0.0 
Mean separated by Duncan’s Test p<0.05 
Figure 11. Pollen of plants grown from 
seed sourced from Slovakia var. Alba. 
Figure 12. Pollen of plants grown from 
seed sourced from USA (label 372636). 
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Nitrogen effects 
In greenhouse trials, treatment of yarrow plants with nitrogen fertilizer increased 
the fresh and dry biomass of plants grown from seed sourced in Slovakia (var. Alba) and 
the USA (label 372636) (Figure 13). Plants grown from seed sourced in Slovakia (var. 
Alba) yielded a significantly higher fresh biomass and dry weight than plants grown from 
seed sourced in the USA (label 372636). 
Figure 13. The effects of nitrogen treatments on the growth of yarrow. 
After 60 days of treatment with nitrogen fertilizer, yarrow grown from seed sourced 
from USA (label 372636) remained vegetative and had a similar, dense, compact growth 
habit at all nitrogen levels (Figure 14). In contrast, yarrow grown from seed sourced from 
Slovakia (var. Alba) treated with nitrogen fertilizer for 60 days generally had a higher 
number of flowering stems at higher nitrogen treatments (250 and 300 mg N/L) (Figure 
15). 
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100 mg N/L 150 mg N/L 200mgN/L 250mgN/L 300mgN/L 
Figure 14. Comparison of plants development (USA). 
100 mg N/L 150 mg N/L 200 mg N/L 250 mg N/L 300 mg N/L 
Figure 15. Comparison of plant development (Slovakia). 
The tissue nitrogen contents of yarrow plants grown from seed sourced from 
Slovakia (var. Alba) and USA (label 372636) increased with nitrogen fertilization (Figure 
16). Plants grown from seed sourced from the USA (label 372636) had significantly 
higher tissue nitrogen content than plants grown from Slovakian seed. In plants grown 
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from seed sourced from Slovakia (var. Alba), tissue nitrogen content increased from 1.87 
percent at the lowest nitrogen treatment (100 mg N/L) to 3.18 percent at the highest 
nitrogen treatment (300 mg N/L). In plants grown from seed sourced from USA (label 
372636), tissue nitrogen content increased from 2.11 percent at the lowest nitrogen 
treatment (100 mg N/L) to 3.00 percent at the highest nitrogen treatment (300 mg N/L). 
Figure 16. The effects of nitrogen treatments on plant tissue nitrogen content. 
The pH of the growth media of plants grown from seed sourced from Slovakia or the 
USA were affected by nitrogen fertilization (Figure 17). In the growth media of plants 
grown from seed sourced in Slovakia (var. Alba), the pH of the growth media was affected 
after 40 and 60 days of daily nitrogen treatments. After 60 days of treatments, the pH of 
the growth media was generally lower than at 40 days. 
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Figure 17. The change in growth media pH. 
The growth media of plants grown from seed sourced in Slovakia var. Alba had 
electrical conductivity of 2.01; a significantly higher EC than the growth media of plants 
grown from seed sourced in the USA (label 372636) (0.77).' Nitrogen treatments had no 
influence on the EC of the growth media. 
36 
The average essential oil content obtained from leaves and stems of plant material 
grown from seed sourced from the USA (label 372636) was 0.2 percent (ml oil/100 g dry 
weight), a significantly higher essential oil content than oil obtained from plants grown 
from seed sourced in Slovakia (var. Alba) (0.14 %). Essential oil content, essential oil 
yield, and chamazulene yield were not significantly influenced by nitrogen (Table 9 and 
10). Essential oil concentration ranged from 0.11 to 0.25 percent and essential oil yield 
ranged from 6.2 to 13.2 pL oil/plant. Chamazulene yield in plants grown from seed 
sourced in Slovakia var. Alba generally increased from 1.94 pL oil/plant (100 mg N/L) to 
4.34 pL oil/plant (300 mg N/L). In plants grown from seed sourced in the USA (label 
372636) chamazulene yield generally decreased from around 2.00 pL oil/plant (100 mg 
N/L) to 1.20 pL oil/plant (300 mg N/L). 
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Table 9. Effects of nitrogen on yields of essential oil of yarrow grown from seed sourced 
from Slovakia 1 
Nitrogen 
treatment 
Oil 
concentration 
Dry 
weight Oil yield 
Chamazulene 
concentration 
Chamazulene 
yield 
(mg N/L) W (g/plant) (pL oil/plant) (% oil) (pL oil/plant) 
100 0.14 4.46 6.2 31.37 1.94 
150 0.14 6.14 8.6 29.33 2.52 
200 0.14 6.88 9.6 37.54 3.60 
250 0.11 6.65 7.3 43.77 3.20 
300 0.16 6.69 10.7 40.61 4.34 
1. The mean essential oil yield extracted from plants grown from seed sourced in Slovakia (var. Alba). 
2. % = mL oil/100 g dry tissue. 
Table 10. Effects of nitrogen on yields of essential oil of yarrow grown from seed sourced 
from USA 1 
Nitrogen 
treatment 
Oil 
concentration 
Dry 
weight Oil yield 
Chamazulene 
concentration 
Chamazulene 
yield 
(mg N/L) (%7 (g/plant) (pL oil/plant) (% oil) (pL oil/plant) 
100 0.19 3.94 7.5 24.98 1.87 
150 0.19 4.33 8.2 24.89 2.04 
200 0.18 5.01 9.0 20.46 1.84 
250 0.19 4.80 9.1 12.80 1.16 
300 0.25 5.27 13.2 11.12 1.48 
1. The mean essential oil yield extracted from plants grown from seed sourced in USA (label 372636). 
2. % = mL oil/100 g dry tissue. 
Using gas chromatography, components of the oil were identified by comparing them 
with known standards. The most concentrated identified constituents of the essential oil 
components were compared. The percentage of total extracted oil for each seed source and 
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nitrogen treatment was calculated and tabulated (Table 11). The largest identified 
components from the GC chromatographs were chamazulene (10.56 - 46.47 % of total 
extracted oil), trans-caryophyllene (0.25 - 7.21 % of total extracted oil) and cineole (0.18 - 
3.39 % of total extracted oil). Chamazulene concentration (pmol) was calculated and 
graphed to represent all nitrogen treatments (Figure 18). 
Table 11. Essential oil components (% of total extracted oil).1 
Treatment Seed source chamazulene 
Oil components 
caryophyllene cineole 
(mg N/L) (% of total extracted oil) 
100 Slovakia 31.37 3.72 3.39 
USA 24.98 0.80 0.19 
150 Slovakia 29.33 7.21 0.90 
USA 24.89 0.25 0.50 
200 Slovakia 37.54 4.59 1.03 
USA 20.46 1.73 0.76 
250 Slovakia 43.77 3.95 0.41 
USA 12.80 0.52 0.49 
300 Slovakia 40.61 3.81 0.42 
USA 11.12 1.12 0.18 
1 Analysis conducted using gas chromatograph. 
39 
□ Slovakia 
■ usa 
o I , i Bob , I I , 
100 150 200 250 300 
Nitrogen treatments (mg N/L) 
Figure 18. Chamazulene concentration of yarrow essential oil (determined by GC). 
Through GC-MS analysis, three components, germacrene-D, a-famesene, and 
chamazulene, were identified in the essential oil extracted from plants grown from seed 
sourced from Slovakia (var. Alba) and USA (label 372636) (Appendix B). A sample 
chromatograph for yarrow essential oil extracted from plants grown at 300 mg N/L that 
were sourced from Slovakia confirms the presence of chamazulene at a retention time of 
9.52 (Figure 19). 
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1. Plants grown with 300 mg N/L from seed sourced from Slovakia cv. Alba. 
Figure 19. GC-MS Chromatograph of yarrow essential oil \ 
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CHAPTER 5 
DISCUSSION 
The wide variability observed in this study on plant morphology and chamazulene 
levels in the essential oil of yarrow plants grown from seed sourced in Europe and North 
America is most probably due to the high degree of polymorphism within the species 
(Chandler et a\., 1982). An earlier sampling of yarrow genotypes collected over a broad 
range of environmental conditions had indicated a number of variations in morphology 
and essential oil composition (Ehrendorfer, 1953), and more recently, Hofmann and Fritz 
(1993) have associated chamazulene in yarrow with diploid and tetraploid lines. 
Differences in fresh and dry weight (the plants from seed sourced in the Czec Republic 
weighed 651 g, twice as much as plants from seed sourced in the Russian Federation) and 
flowering (plants from seed sourced in Slovakia flowered after 40 days compared to 
plants from seed sourced in USA that did not flower at all) among the various selections 
were apparent in either field or greenhouse trials. The essential oil extracted from some 
plant material was brilliant blue (indicating the presence of azulenes) (Chandler et al., 
1982), whereas the oil from other plant material was yellow (indicating the presence of 
myrcene) or green (cause of color unknown) (Artander, 1969). 
Measurements of ploidy in the yarrow used in the present study, based on pollen 
grain diameter measurements [a technique used by several investigators (Dabrowska, 
1970; Ehrendorfer, 1952, 1953; Oswiecimska and Gawlowska, 1967], indicated 
significant differences in ploidy among the various selections. Typically, the larger the 
pollen grain, the higher the ploidy of the plant (Cramer, 1991), and pollen diameters and 
pollen grains from yarrow in the present study varied significantly. For example, pollen 
42 
from plants grown from seed of Slovakia var. Alba had a pollen grain diameter of 23.67 
pm compared with the pollen grain diameter of USA (label 3726360), which had a pollen 
grain diameter of 25.33 pm. Dabrowska (1970) suggests that yarrow plants with pollen 
grain diameters between 19.85 pm and 20.60 pm are diploid, pollen grain diameters 
between 19.85 pm and 24.00 pm are tetraploid, and pollen grain diameters between 
22.13 and 28.00 pm are hexaploid or octaploid. 
In this study, the pollen grains obtained from plants grown from seed obtained in the 
United Kingdom (label Chiltem) had pollen grain diameters of 25.11 pm, indicating that 
these plants were most likely hexaploid or octaploid. Indeed, the essential oil extracted 
from these plants contained no chamazulene, agreeing with a previous report (Hofmann 
and Fritz, 1993) indicating that hexaploid and octaploid lines of yarrow contain little to 
no chamazulene. The pollen obtained from plants grown from seed sourced in Slovakia 
var. Alba, which had a pollen grain diameter less than 24 pm, could be best classified as 
tetraploid and as such did contain chamazulene in the essential oil. 
Pollen grain diameter and associated chamazulene concentration in the essential oil 
are, however, only general guidelines for determination of ploidy level in yarrow. 
Yarrow plants sourced from seed in the North America (USA label 372636) had a pollen 
grain diameter within the expected range for hexaploids and octoploids, but also 
produced some chamazulene. The production of chamazulene indicates either that some 
yarrow plants with high ploidy numbers may produce chamazulene or that the yarrow 
selection is a tetraploid with a large pollen grain diameter. Chromosome counts on the 
plant material will be necessary for a more definitive determination of ploidy in this 
selection. 
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The concentration of chamazulene in essential oil from yarrow plants grown from 
seed sourced from North America (USA label 372636) were consistent with findings 
observed by Lawrence (1978) (chamazulene concentration ranged from 5.0-33.2 % of 
total extracted oil). In addition, studies by Lawrence (1995) observed relatively high 
chamazulene concentrations (< 65.0 % of total oil) in essential oil extracted from wild 
collected yarrow plants in Canada. In contrast, studies on wild yarrow growing in 
Quebec, Canada, by Hachey et al (1990) and Belanger and Dextraze (1993) observed that 
plants had very low concentrations of chamazulene (1.5 % and 0.75 % of total oil, 
respectively) in the essential oil. In the present study, plants grown from seed sourced in 
Canada (Richter’s Seed Company) had no detectable chamazulene. 
Yarrow grown in the present study from seed sourced in Eastern Europe yielded 
essential oils that contained 20.6 (Czec Republic) and 36.6 (Slovakia) percent 
chamazulene in the total extracted oil. This concentration of chamazulene in the essential 
oil was higher than that observed by Lemberkovics (1988) in a study on Hungarian 
yarrow (12.5 % chamzulene in the total extracted oil) and Kedzia et al (1990) in a study 
on Polish yarrow (13 % chamazulene). Plants grown seed sourced in Western Europe 
(United Kingdom) yielded an essential oil with little or no chamazulene, probably 
because the seeds are commercial cultivars ‘Cerice Queen’ that have been bred for larger, 
more decorative flowers and not for oil yield. Essential oil from plants grown from 
Russian seed contained no chamazulene. 
Nitrogen supplied to yarrow plants proved to be an important factor affecting the 
overall quality of yarrow in the present study. Yarrow biomass [plants grown from seed 
sourced from Slovakia var. Alba and the USA (label 372636)] increased with increased 
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nitrogen application. Plants grown from seed sourced from Slovakia var. Alba were 
significantly larger plants (that produced white flowering heads) than those grown from 
seed sourced from the USA (label 372636), which were compact and remained vegetative 
throughout the 60 days of the experiment. 
Generally, the flowering of the plants grown from seed sourced from Slovakia was 
apparently unaffected by high nitrogen applications (nitrogen did not seem to delay 
flowering and encouraged vegetative growth). This observation agrees with studies by 
Roberts and Menary (1994) (investigates the effects of nitrogen nutrition on the biomass, 
flower yield, and oil composition of Boronia megastigma Nees.) that concluded high 
nitrogen application did not result in competition between vegetative growth and 
flowering. On the contrary, in the present study, lower levels of nitrogen applications to 
the yarrow grown from seed sourced from Slovakia var. Alba, tended to result in a lower 
number of flowering stems than higher levels of nitrogen applications. Letchamo (1992) 
concluded that increasing nitrogen levels in autumn-sown chamomile generally led to 
increased volume and weight of individual flower heads but was genotype dependent. 
Yarrow plants, grown in the present study, from seed sourced from the USA (label 
372626) remained vegetative under all five-nitrogen levels. The difference in growth of 
these plants to the addition of nitrogen is probably due to genotypic variation in the 
plants, and the lack of flowering in the same species is probably a result of plant 
adaptation to different environments, such as day length. 
Nitrogen content of yarrow plant tissue increased with nitrogen fertilization, 
indicating that nitrate storage in the plant increased as nitrate reserves in the growth 
media increased. Yarrow, a plant tolerant to a wide variety of environmental stress 
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conditions, is apparently well adapted to areas of low fertility (Blakely, 1996). Plants 
adapted to infertile sites are generally slow growing and absorb nutrients in excess of 
immediate growth requirements during nutrient abundance with excess nutrients stored in 
the tissue for use if the media reserves become exhausted. The disadvantage of this 
nutrient exploitation is that nitrate storage in plant tissue may accumulate to toxic levels 
and actually reduce growth and vigor (Chapin, 1980). Although, nitrate toxicity was not 
apparent in the present study, differences in tissue nitrogen content between yarrow 
plants grown from seed sourced from Slovakia and the USA were noted. Such 
differences in nitrogen content may be explained by the fact that plants grown from seed 
sourced from Slovakia cv. Alba were flowering, and so more nutrient reserves may have 
been absorbed for this reproductive process than were absorbed by plants that remained 
vegetative. 
The pH of the growth media, in the present nitrogen study, was generally above that 
recommended level for the optimum absorption rate of nitrate (pH < 6) (Marschner, 
1997), but any effect on growth or chamazulene production is unknown. The relatively 
high pH, caused by nitrogen fertilization, apparently did not affect the absorption of 
nitrate by plants from the growth media as the tissue nitrogen contents increased 
regardless of growth media pH. 
The essential oil yield of yarrow was unaffected by increasing nitrogen fertilization. 
These results conflict with research on chamomile by Lechamo (1992), and on 
peppermint by Kothari and Singh (1995) and Piccaglia et al (1993), where increased 
nitrogen application increased essential oil yields. Plants, treated with nitrogen, grown 
from seed sourced in the USA (label 372636) that remained vegetative yielded 
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significantly more essential oil than plants grown from seed sourced from Slovakia var. 
Alba that flowered. 
A statistical correlation between chamazulene concentration and nitrogen application 
could not be established due to considerable variation in the chamazulene concentration 
in the essential oil of plants and the limited number of oil samples. Essential oil studies 
on this species should consider genotypic differences and use asexually propagated plant 
material to limit variability in oil content and composition. Despite variability, the 
general trend was for plants grown from seed sourced from Slovakia to produce more 
chamazulene as the plants received more nitrogen. This trend can perhaps be explained 
by the increase in the number of flowers that were observed at the higher nitrogen levels, 
as flowers are the primary source of secretory trichomes that secrete essential oil in 
yarrow (Figueiredo and Pais, 1994). Plants grown from seed sourced from the USA 
tended to produce less chamazulene as the plants received more nitrogen. These findings 
agree with studies on yarrow that concluded that vegetative plants are higher in 
monoterpenes (for example, limonene and bomeol) and are lower in sesquiterpene 
lactones (for example, chamazulene) (Figuenuedo et al, 1992). 
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APPENDIX A. WORLDWIDE VARIABILITY IN ESSENTIAL OIL COMPOSITION 
OF YARROW 
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Appendix B. GC-MS analysis of yarrow essential oil. 
Oil components 
Treatment Seed source Germacrene-D a-Famesene Chamazulene 
(mg N/L) (%oi total extracted oil) 
100 Slovakia 0.00 0.00 0.58 
USA 0.65 0.00 0.78 
150 Slovakia 0.00 0.00 0.97 
USA 0.00 0.00 0.42 
200 Slovakia 0.00 0.00 0.56 
USA 1.26 0.00 1.36 
250 Slovakia 0.19 0.00 6.51 
USA 0.00 1.58 5.21 
300 Slovakia 0.00 0.00 4.26 
USA 5.91 0.00 1.59 
50 
BIBLIOGRAPHY 
Arctander, S. 1969. Perfume and Flavor Chemicals. Published by author, printed by Det 
Hoffensbergske Establissement Copenhagen, Denmark. 
Belanger, A. and L. Dextraze. 1993. Variability of chamazulene within Achillea 
millefolium. Acta Horticulturae 330:141-146. 
Bisset, N.G. 1994. Herbal Drugs and Phytopharmaceuticals. Stuttgart: Medpharm 
Scientific Publishers. CRC Press. Stuttgart. 
Blumenthal, M. 1998. The Complete German E Monographs, Therapeutic guide to 
Herbal Medicines. American Botanical Council. Austin, Texas. 
Bradley, P.R. 1976. British Herbal Compendium. Vol. 1. British Herbal Medical 
Association. London. 
British Herbal Pharmacopoeia. 1981. Part 3. British Herbal Medical Association. 
London. 
Chandler, R.F., S.N. Hooper, and M. J. Harvey. 1982. Ethnobotany and Phytochemistry 
of Yarrow, Achillea millefolium, Compositae. Economic Botany 36(2):203-223. 
Chapin, S. 1980. The mineral nutrition of Wild Plants. Annual Review of Ecological 
Systems 11:233-260. 
Charles, D.J. and J.E. Simon. 1990. Comparison of extraction methods for the rapid 
determination of essential oil content and composition of Basil. Journal of American 
Soc. Hort. Sci. 115(3):458-462. 
Cramer, C.S. 1991. Laboratory techniques for determining ploidy in plants. 
HortTechnology 9(4):594-596. 
Dabrowska, J. 1989. The chromosome numbers of several taxa of the genus Achillea L. 
Acta Societatis Botanicorum Poloniae 58(2): 163-177. 
Dabrowska, J. 1970. The determination of chromosome number of Achillea L. Herba 
Polonica 17:200-208. 
Dewick, P. 1998. Medicinal Natural Products. A biosynthetic approach. Wiley 
Press.New York. 
Duke, J.A. 1985. CRC Handbook of Medicinal Herbs. CRC Press. Boca Raton, Fla. 
51 
Ehrendorfer, F. 1952. Cytotaxonomic Studies in Achillea. Carnegie Institute of 
Washington, Year Book 51. Washington, pp 125-131. 
Ehrendorfer, F. 1953. Systematische und zytogenetische untersuchungen an europarchen 
rassen des Achillea millefolium complex. Osterr. Bot. Z. 100:583-592. 
Evans, W.C. 1996. Trease and Evans' Pharmacognosy. WB Saunders. Philadelphia. 
Figueiredo, A.C. and M. S. Pais. 1994. Ultrastructural aspects of the glandular cells from 
the secretory trichomes and from the cell suspension cultures of Achillea millefolium 
L. ssp. millefolium. Annuals of Botany 74:179-190. 
Figueiredo, A.C. and M. S. Pais. 1992. Composition of the essential oils from leaves and 
flowers of Achillea millefolium L. ssp millefolium. Flavor and Fragrance Journal 
7:219-222. 
Goldberg, A.S. 1969. The screening of essential oils for anti-inflammatory activity. 
Journal of Pharmaceutical Science 58:938-941. 
Grieve, M. 1998. A Modern Herbal, Editor, Leyel, C.F. Tiger Books International. 
London. 
Hartwell, J.L. 1980. Plants used against cancer 1967-1971. pp 30-31. Lloydia. 
Hoagland, D.R. and D.I. Amon. 1950. The water-culture method for growing plants 
without soil. Calif. Agric. Stat. Cir. 349. 
Hofmann, D. 1996. The Complete Illustrated Holistic Herbal. Element Publishers. 
Massachusetts. 
Hofmann, D. and F. Fritz. 1993. Genetical, ontogenetical and environmental caused 
variability of the essential oil of different types of the Achillea millefolium ‘complex’. 
Acta Horticulturae 330:147-157. 
Hofmann, L., D. Fritz, S. Nitz, H. Kollmannsberger, and F. Drawert. 1992. 
Phytochemistry 31(2):537-542. 
Janick, J. and J. Simon. 1988. Advances in New Crops. Timber Press. Portland, Oregon. 
Kalra, Y. 1998. Handbook of Reference Methods for Plant Analysis. CRC Press LLC. 
Kedzia, M., K. Krzyzaniak, and E. Holdema. 1990. Effects of yarrow essential oil 
(Oleum millefolii) and its components on pathogenic microorganisms. Herba Pol. 
36:117-125. 
52 
Kothari, S.K., and U.B. Singh. 1995. The effects of row spacing and nitrogen fertilization 
on Scotch spearmint (.Mentha gracilis Sole). Journal of Essential Oil Research 7:287- 
297. 
Lawrence, B.M. 1984. Progress of essential oils. Perfumer and Flavorist 9(l):49-60. 
Lawrence, B.M. 1996. Essential oils 1976-1994. Allured Publishing Corporation. 
London. 
Lechamo, W. 1992. Nitrogen application affects yield and content of the active 
substances in camomile genotypes. Acta-Horticulture 306:375-379. 
Lemberkovics, E., G. Petri, and J. Tamas. 1989. Gas chromatographic determination of 
mono- and sesquiterpenes in some commercial Hungarian essential oils. Flavors and 
Fragrances: a world perspective. Edited by Lawerence, B.M. Elsevier Science 
Publishers. Amsterdam, pp 243-247. 
Lewis, W.H. and memory P.F. Elvin-Lewis. 1977. Medical Botany: Plants affecting 
man's Health. John Wiley. New York. 
Likens, S.T. and G.W. Nickerson. 1964. Simultaneous steam and solvent distillation 
method. American Society of Brewing Chemistry 5:87-92. 
Marschner, H. 1997. Mineral Nutrition of Higher plants. 2nd Edition. Academic Press. 
London. 
Mascolo, N., G. Autore, F. Capasso, A. Menghini, and M.P. Fasilo. 1987. Biological 
screening of Italian medicinal plants for anti-inflammatory activity. Phytotherapy 
Research 1(1). 
Mitchell, A.R. and N.A. Farris. 1996. Peppermint responses to nitrogen fertilizer in an 
arid climate. Journal of Plant Nutrition 19(6):955-967. 
Newall, C.A. 1996. Herbal Medicine: A Guide for Health Care Professionals. The 
Pharmaceutical Press. London. 
O’Brien, T. and A.V. Barker. 1995. Evaluation of fresh and year-old solid waste 
composts fro production of wildflower and grass sods on plastic. Compost Science 
and Utilization 3(4):69-77. 
Oswiecimska, M. and M. Gawlowska. 1967. Chromosome study of Achillea L. Herba 
polon 13(3). 
Phillippi, G. 1961. Untersuchungen uber die fertilitatsverhaltnisse einiger 
kulturformenvon Pelargonium zonale Z. Pflanzenzuchtung 44:380-402. 
53 
Piccaglia, R., V. Dellacecca, M. Marotti, and E. Giovanelli. 1993. Agronomic factors 
affecting the yields and the essential oil composition of peppermint (Mentha x 
piperita L.). Acta Horticulturae 344:29-40. 
Roberts, N.J. and R.C. Menary. 1994. Effects of Nitrogen on growth, flower yield, oil 
composition, and yield in Boronia megastigma Nees. Journal of Plant Nutrition 
17(12):2035-2052. 
Roland, A.E. and E.C. Smith. 1969. The Flora of Nova Scotia, Nova Scotia Museum. 
• Nova Scotia. 
Samuellson, G. 1992. Drugs of Natural Origin. Swedish Pharmaceutical Press. 
Stockholm, Sweden. 
Schultz, V., R. Hansel, and V. Tyler. 1998. Rational Phytotherapy. Springer Verlag. 
Heidelberg, Germany. 
Shipochliev, T., and G. Foumadjiev. 1984. Anti-inflammatory activity of Achillea 
milefolium L. Probl Vutr Med. 12:99-107. 
Stahl, E. 1952. Sesquiterpene lactone activity of Achillea L. Pharmazie 7:863-868. 
Stuart, M. 1979. The Encyclopedia of Herbs and Herbalism. Grosset & Dunlop. New 
York. 
Sturdivant, L. and T. Blakley. 1999. Medicinal Herbs in the Garden, Field, and 
Marketplace. San Juan Naturals. Oregon. 
Svoboda, K. 1998. Personal communication. SAC Auchincruive, Ayr, Scotland, U.K. 
Tozyo, T., Y. Yoshimura, K. Sakurai, N. Uchinda, Y. Takeda, H. Nakai, and H. Ishii. 
1994. Novel Antitumor sesquiterpenoids in Achillea millefolium. Chem Pharm Bull. 
42(5): 1096-1100. 
Trickey, R. 1995. A look at the herbal treatment of excess menstruation:past and present. 
Australian Journal of Medicinal Herbalism 7(4):87-94. 
Tunon, H., W. Thorsell, and L. Bohlin. 1994. Mosquito repelling activity of compounds 
occurring in Achillea millefolium L. Economic Botany 48(2): 111-120. 
Vetter, S., C. Franz, S. Glasl, U. Kastner, J. Saukel, and J. Jurenitsch. 1977. Inheritance 
of sesquiterpene lactone types within the Achillea millefolium complex (Compositae). 
Plant Breeding 116(l):79-82. 
Weiss, R. and A.R. Meuss. 1988. Herbal Medicine. Medicina Biologica. AB Arcanum. 
Sweden. 
54 
Zagari, A. 1992. Medicinal Plants. Vol. 3. 5th Edition. Tehran University Publications, 
Tehran, pp 106-113. 
Zhang, D., A.M. Armitage, J.M. Affolter, and M.A. Dirr. 1996. Environmental control of 
flowering and growth of Achillea millefolium L. ‘Summer pastel’. HortScience 
31(3):364—365. 
Zhi-cen, L. 1980. General control methods for vegetative drugs. Comparative study of 
methods included in 13 pharmacopoeias and proposals on their international 
unification. World Health Organization. Geneva. 
55 

